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EFFECTS OF DEFORMATION ON SUPERCONDUCTING METALS* 
Victor Walter Hesterman and C. A. Swenson 
ABSTRACT 
An A.C. mutual inductance method was used to measure the 
effects of deformation on the superconducting critical field 
curve for tin. The deformation was produced by pushing on the 
ends of a cylindrical sample which had a length to diameter 
ratio of unity. It was found that a 2% deformation produced no 
change in the shape of the critical field curve but only 
shifted it upward about 1.5 oersteds. 
* This report is based on an M. S. thesis by Victor Walter 
Hesterman submitted November, 1958, to Iowa State College, 
Ames, Iowa. This work was done under contract with the U. S. 
Atomic Energy Commission. 
• 
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INTRODUCTION 
The critical magnetic field of a superconductor is a 
function of both temperature and pressure, as is illustrated 
for tin in Figure 1. Recently, considerable interest has 
been shown in the effect of pressure on the properties of 
superconductors. The methods by which these effects have 
been studied have, of necessity, involved experimental com-
promises since no true hydrostatic pressure transmitting 
me~ium exists at these temperatures and high pressures. The 
10,000-atmos curve in Figure 1 was estimated from data by 
Jennings and Swenson (1), who measured only the zero field 
shift in transition temperature. In their experiments the 
sample was imbedded in solid hydrogen contained in a cylinder , 
and the pressure was generated in the solid hydrogen by means 
of a large force which was applied to a piston which closed 
the end of the cylinder. Since the solid hydrogen, although 
quite plastic, has some flow resistance, the sample is deformed 
as the hydrogen is compressed. In the measurements on tin, 
the sample was deformed about 2%. If the effects of deformation 
on the superconducting properties of tin at normal pressures 
can be determined, the influence of the deformation suffered by 
the tin in the high pressure experiments can be estimated. 
V. I. Homkevich and V. R. Golik (2) measured the effects of 
plastic deformation ~n the low temperature electrical properties 
of tin as well as other superconductors. These workers used 
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Figure 1. Critical field curves for tin at two 
different pressures 
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samples with a length of 18 mm and diameters from .08 mm to 
0.3 mm. Electrical resistance measurements were used to 
determine the effect on the onset of superconductivity as 
the samples were deformed between two planes. The actual 
deformation produced was not determined, but the change in 
residual resistance was used as the criterion for the degree 
of plastic deformation. One disadvantage of this technique 
is that the area of the sample changes drastically as deformation 
is produced, thereby making any calculations of the percentage 
deformation very difficult. Another disadvantage is in their 
use of an electrical resistance method for determining the 
superconducting state of the sample. The electrical resistance 
can disappear if a superconducting thread produces an electrical 
short through the sample, in which case the state of the bulk 
of the sample is not determined. Since the superconducting 
transition is characterized by both the disappearance of 
electrical resistivity and the expulsion of magnetic flux from 
the sample, a measurement of the magnetic susceptibility can 
be used to indicate the true state of the sample. This latter 
technique was used in the experiments reported here. 
The problem of this report is to estimate the effects of 
deformation, at liquid helium temperatures, on the properties 
of the superconducting transitions in tin. While it is not 
feasible to determine the effects of deformation on the critical 
field curve at every pressure, it is hoped that if deformation 
has little effect on the critical field curve for zero pressure, 
it will also have little effect on the critical field curve at 
other pressures. 
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Some justification for this assumption can be given as 
follows. The critical field curve can be expressed as: 
H = H0 (1 + at2 + bt3 + ••• ) where t = T/Tc is a reduced tem-
perature and H0 is the critical field at absolute zero. 
Experiments have shown (3) that a and b, at least, are rela-
tively independent of pressure for tin. Thus, if we can show 
that the critical field curve at zero pressure (and, hence, 
these constants) is only slightly altered by deformation, 
then it can be hoped that the critical field curves at other 
pressures (obtained by using the same constants and appropri -
ate values of H0 and Tc) will also not be appreciably affected. 
The type of deformation observed by Jennings and Swenson 
(1) was closely duplicated by pushing on the ends of a cy-
lindrical sample which had a small length to diameter ratio. 
One disadvantage with samples of this shape is that the internal 
magnetic field is not uniform throughout the sample. This is 
because of the nonellipsoidal shape of the sample. 
The effects of sample shape, as well as interesting 
detail in the transition curves, were also studied. 
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APPARATUS 
Temperature Control and Measurement 
The liquid helium cryostat used for obtaining the low 
temperatures was made of a 2 1/2-liter metal liquid helium 
dewar which was surrounded by a vacuum jacket and a metal 
liquid-nitrogen dewar. It was constructed so that it could be 
refilled with liquid helium without warming above the liquid 
helium temperatures. This feature proved very helpful because 
one filling of 2 1/2 liters, which lasted for 8 or 9 hours, was 
not sufficient to obtain all the data for the effects of de-
formation on one sample. 
The temperature of the liquid helium was controlled and 
regulated by means of a system, designed by M. D. Fiske (4), 
which senses changes in the vapor pressure of the liquid 
helium bath by means of a differential manometer-photoelectric cell 
arrangement. The electric s~gnals thus produced were fed to a 
servo-amplifier and motor and made to operate a needle valve in 
the vacuum pumping line. The differential manometer sensed the 
difference between a "standard" pressure and the bath pressure, 
and caused the valve to open or close, depending on whether the 
bath pressure was too high or too low. 
The vapor pressure of a small amount of liquid helium in 
a glass bulb near the sample was used as the primary means 
of temperature determination. The location of this vapor 
pressure bulb in relation to the sample is shown in Figure 2. 
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Figure 2. Simplified diagram of the deformation apparatus 
and solenoid (liquid helium cryostat not shown) 
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The hydrostatic head due to t~e depth of the liquid 
between the bath surface and the sample produces a pressure 
gradient, and hence, a temperature gradient within the liquid 
helium. For this reason, the temperature below the surface of 
the liquid can be greater than at the surface where the liquid 
and vapor are in equilibrium. This so-called hydrostatic 
head effect can cause serious errors in the temperature measure-
ment if the vapor pressure is measured at the surface of the 
liquid helium. In this experiment the difference between the 
vapor pressure of the liquid helium in the glass bulb and the 
bath was measured by means of a differential oil manometer. This 
manometer reading is a measure of the hydrostatic head effect, 
as well as any other temperature gradient which may be produced. 
The differential manometer reading is also an indication of 
when equilibrium is obtained in the vapor pressure bulb. Ae 
indicated by the carbon resistance thermometer, it sometimes 
seemed to take longer for the vapor pressure bulb to reach 
equilibrium than for the bath. 
The horse-shoe-shaped glass bulb which was used as a 
vapor presdure thermometer contained a larger volume than the 
tube connecting it, therefore, thP liquid helium depth in the 
bulb would be low, thus preventing hydrostatic head effects from 
existing within the vapor pressure thermometer. 
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The temperature was also monitored continuously by means 
of a carbon resistance thermometer placed near the sample. 
Commercial 51-ohm Allen Bradly radio resistors were used. The 
resistance was determjned by sending a 1.0 or 10 microamp current 
through the resistor and measuring the potential drop with a 
Rubicon No. 2780, Type B, potentiometer. A zero to 100 
microvolt chart recorder (potentiometer type) was used in place 
of the galvanometer, and provided a convenient record of 
small variations in temperature during the determination of a 
critical field at practically constant temperature. This chart 
recorder was also useful in indicating when temperature 
equilibrium conditions were achieved by the vapor pressure 
regulator. Since the carbon resistance thermometer was more 
sensitive than the vapor pressure thermometer, the temperatures 
determined by the vapor pressure thermometer were plotted vs. 
carbon resistance values and a smooth curve was drawn through 
the points. Points that fell off this smooth curve then could be 
corrected in temperature by using the temperature corresponding 
to the resistance value. The low temperature values from 2°K to 
3.6°K were usually too widely spaced to be used in determing 
a smooth curve. In a few cases calibration points were taken 
very closely on either side of the temperature at which a critical 
field was determined, and a straight line was drawn through 
these points as a check on the temperature. Other times the vapor 
pressure reading was accepted as the temperature. The sensitivity 
of the carbon resistor thermometer varied from 0.60 ohm per 
millidegree at 3.72°K to 10 ohm per millidegree at 2.0°K. 
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The ~verage scatter was 1.5 ~illidegrees in the 3.7 to J.R°K region 
in one run and was considerably less for other runs. The change 
in resistance from one run to another corresponded to about 8 
millidegrees, which was about the same as the difference in the 
resistance between two resistors used. The vapor pressure 
readings were converted to temperature by use of the T55E vapor 
pressure tables. 
Production of the Magnetic Field 
The magnetic field was produced by means of a compensated 
solenoid which was located within the liquid helium. The 
solenoid was placed in the liquid helium so that the existing 
cryostat could be used instead of designing a new one which could 
accomodate a solenoid external to the helium bath. Another 
advantage of putting the solenoid in the liquid helium bath is 
that the resistivity of copper drops by a factor of 125 from 
its room temperature value, thus drastically reducing the power 
requirements for a given field. The disadvantage is that the 
obtainable field is limited by the amount of heat generated in the 
solenoid. The solenoid which was built produced a liquid helium 
evaporation rate of about 30 cc per hour at 100 oersteds. 
However, the amount of heat which was generated in the solenoid 
aided in the stirring of the liquid helium so that temperature 
gradients such as that due to the hydrostatic head effect would 
be reduced. The solenoid is shown to one half scale in Figure 2. 
10 
Both the main solenoid and the compensating coils were wound 
with No. 28 Nyclad covered copper wire. The main solenoid 
has 4790 turns in 22 layers and each compensating coil has 556 
turns. The compensating coils were wound separately and positioned 
on the ends of the main solenoid to give the best homogeneity 
of the magnetic field in a two centimeter length along the 
axis of the solenoid. The homogeneity was determined by means 
of a 1000-turn search coil of a 2.2 mm axial length. This search 
coil was moved suddenly from the point of lowest to the point 
of highest field within the central two centimeters, and the 
resulting galvanometer deflection was read. The total maximum 
variation in field so determined was less than .04 per cent. 
The solenoid was calibrated by comparing it with a long thin 
solenoid. The calibration factor is 0.745 ~ .004 oersteds per 
milliamp. The calibration factor was checked in liquid nitrogen 
with the same reference solenoid. The value obtained was 0.746 
oersted per milliamp. The D.C. resistance of the solenoid at 
4°K was 1.26 ohms, not including lead resistance. 
Submarine batteries (20 volts) which were available for 
another project provided a very steady current source f or the 
solenoid. Control and measurement of the current was accomplished 
as shown in the top part of Figure 3. The current was determined 
by measuring the potential across the 1/2 ohm precision resistance 
with a second Rubicon ~. 2780, type B, potentiometer. 
A zero to two millivolt chart recorder was used in place of the 
galvanometer. Use was also made of a Weston inductronic 
millivoltmeter as a cross - check and for making rapid current ad j ust -
ments. 
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Figure 3. Schematic diagram of the Hartshorn mutual 
inductance bridge and solenoid current cont r ol 
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The 1/2-ohm precision resistance was a parallel combination of 
two General Radio, No. 500-A, 1.0 phm ~ .05% resistors. 
To check the accuracy of the current-measuring equipment a 1 ohm 
standard resistor was connected in place of the solenoid and 
the potential drop across it was measured by the potentiometer 
normally used for the carbon resistance thermometer. This 
check would also detect direct current leakage through the 
6,000 mfd capacitor. The purpose of this capacitor will be 
discussed later. 
Helmholtz coils were constructed to balance out the earth's 
magnetic field. For convenience and because of space 
limitations these compensators were designed in two sections. 
One section canceled the vertical component of the earth's field 
and the other section canceled the horizontal component. A 
flip coil and galvanometer were used to detect the resultant 
field. The current through each Helmholtz pair was adjusted 
until the resultant field was down to a few hundreths of an 
oersted. 
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Deformation Apparatus 
The force for deforming the sample was produced hy-
draulically at room temperature by means of a steel piston and 
cylinder sealed with an "O" ring. The force was transmitted 
into the liquid helium bath by means of concentric stainless 
steel tubes, as is shown in Figure 2. This figure also shows 
the construction of the bottom end of the press which was made 
from beryllium copper. Two 3/811 by 3/8" openings in the tension 
member were located diametrically opposite each other in the 
vicinity of the sample. Two pairs of pyrex rods transferred 
the relative motion between the piston and the base of the press 
to a commercial dial gauge at the top of the cryostat. This 
dial gauge had a total range of 2.5 mm and a least count of 
.01 mm. 
The oil pressure which produced the necessary force was 
kept constant and measured by direct application of a dead-
weight gauge. The pressure generated by the deadweight gauge 
could be varied in increments of a unit or a tenth of a unit, 
where one unit, called one weight, corresponded to 50 atmos of 
oil pressure. With the size of piston and sample used in this 
experiment, one weight corresponded to 36.8 Kg force on the 
sample, or .about 200 atmos pressure for the undeformed sample. 
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Mutual Indnctance Measurement 
The superconducting state of the sample was determined by 
an A.C. mutual inductance method at 33 1/3 cps. The solenoid 
used for producing the D.C. magnetic field served as a primary, 
the secondary being placed within the solenoid and around the 
sample. The 33 1/3-cps A.C. signal was superimposed upon the 
D.C. field by means of the mutual inductance, Ma, as shown in 
Figure 3. The 6,000-mfd capacitor produced an effective A.C. 
short circuit across the D.C. current control. This capacitor's 
impedance at 33 1/3 cps was low enough (0.80 ohm) to make the 
normal changes in the shunting effect of the resistances in the 
current control negligible. 
The mutual inductance changes were measured by a Hartshorn 
bridge, the schematic diagram of which is included in Figure 3. 
The null signal was amplified by means of a high gain narrow 
band amplifier, and was observed on an oscilloscope. By using 
an oscilloscope for a null detector the phase of the null emf 
could be observed, thereby considerably speeding up the process 
of balancing the real and imaginary phase components of the 
mutual inductance. Normally, only the real component of 
mutual inductance was read. Since only changes in mutual 
inductance were of interest, the compensating mutual inductor of 
the bridge was not calibrated, but was used only to ~alance the 
major portion of the mutual inductance being measured. The 
variable portion of the mutual inductance which was due to the 
superconducting transition was balanced by using the dial mutual 
inductor. 
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This inductor was designed to be linear and was calibrated in 
units which are a little less than .02 microhenry. Its total 
range was ll units. The total mutual inductance seen by the bridge 
was about 50 to 100 microhenrys, depending upon which secondary 
-4 
was used. Changes as small as 5 x 10 microhenry could be 
detected under good conditions. The magnitude of the A.C. 
magnetic field produced on the sample was approximately .065 
oersteds peak to peak for all measurements except those which 
were used to determine the effect of variations in the A.C. 
field amplitude. This A.C. field amplitude was determined both 
by measuring the A.C. potential drop across a resistance in 
. 
seriP.S with the solenoid and by measuring the potential across 
the solenoid. The polarity of the mutual inductance coils was 
not always the same from run to run~ thus causing the observed 
mutual inductance to increase in one run when it would have 
decreased in another run. Only changes of mutual inductance were 
of interest. 
16 
SAMPLES 
All of the tin used was supplied by the Vulcan Detinning Co. 
It was labeled as spectropure by the supplier with the following 
analysis: 
Lot No. VS-46SP 
Lead 
Iron 
.00004% 
.00003% 
Total detectable foreign materials 
estimated less than .0001% 
Lot No. VS-52SP 
Lead --- .00003% 
Iron less than .00005% 
A sample of each lot was a.1alyzed by the Ames Laboratory 
Spectrographic Analysis Group. Lot VS - 46SP was spectrographically 
pure and Lot VS-52SP had only a faint trace of iron. 
The ratio of room temperature to residual resistivity was 
determined to be 17,600 for lot VS-46SP and 10,600 for VS-52SP. 
All of the results reported in this paper are for samples made 
from Lot VS - 52SP. 
The critical field curve was first determined with single 
crystalline samples 2.0 em long and approximately l mm in diameter. 
The samples were cylindrical with rounded ends. Although this 
sample shape is not ellipsoidal, it has a length to diameter 
ratio large enough so that it can be treated approximately as 
an ellipsoid. The demagnetization factor, n, for a rod of the 
above dimensions (5) is .00617, so that the internal field, 
Hi, is then given by Hi = H 
l+l.J...ttn7'\ 
(A is the susceptibility). 
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These samples were outgassed under vacuum in pyrex and then 
cast in a 1 mm I.D. heavy walled pyrex capillary. The sample 
was cooled slowly from one end by use of a Fisher burner. So 
that the sample could be removed, the 1 mm capillary was first 
coated with a thin layer of carbon which was thick enough to be 
easily visible yet mostly transparent. This carbon coating was 
applied to the capillary by means of a colloidal solution of 
carbon in acetone. A thin uniform layer is desirable so that 
sharp marks are not left in the tin sa~ple. If a sharp mark were 
left in the tin it might hide a crystal boundary. After the tin 
was cast, the sample was washed and etched with a 25% solution 
of hydrochloric acid. Any crystal boundaries were then easily 
visible. The sample was handled very carefully so that it was 
not bent. The sample was cut to a length of 2.0 em and the 
ends rounded with a knife. It was hoped that the volume of sample 
which was "messed up" in this method of cutting was small enough 
that it would not "smear out !! the superconducting transition. 
The polycrystalline tin sample used for deformation studies 
was turned on a lathe and then annealed for 3 3/4 hours at 100°C. 
It was not outgassed. Its dimensions before the run were: 
length 0.1896"; diameter 0.1858". After the run the dimensions 
were: length 0.1820n and the diameter varied from 0.186" to 
0.193n. The average grain size was 1 mm. 
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The single crystalline sample used for deformation studies 
was outgassed in pyrex and cast and sealed under vacuum in a pyrex 
tube of approximately 5 mm I.D. A construction was located near 
one end of the pyrex tube so that the chances of obtaining a 
single crystal would be increased. A single crystal was grown 
from the sample, in its pyrex tube, by lowering it out of an 
electric furnace at roughly 3 1/4 em per hour. The furnace 
temperature was controlled at 280 + 8°C. 
e 
Since only a few samples were grown, a temporary crystal 
growing apparatus was constructed by using a water float 
method. This consisted of a float to which the sample was 
attached by a fine piano wire running over two pulleys. This 
float was raised by dripping water into a large beaker from a 
constant head tank. The sample was then removed from the pyrex 
tube by differential contraction produced by cooling in liquid 
nitrogen. Large samples were easily removed by this method 
whereas the 1-mm diameter samples could not be removed without 
damage unless the carbon coating was used. The sample was etched 
in a 25% solution of hydrochloric acid to make sure it was a 
single crystal. A brass holder was machined to hold the sample 
gently, but firmly, while in liquid nitrogen and a jeweler's 
saw was used to cut the sample to length. The ends were sanded 
also under liquid nitrogen with 7/0 Wetordry garnet paper until 
all saw marks were gone and a smooth square end was obtained. 
The sample was then electropolished until practically all traces 
of polycrystalline structure disappeared. 
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W. I. Tegart's book The Electrolytic and Chemical Polishing 
of Metals in Research and Industry (6) proved very helpful here. 
This electropolishing made the ends of the sample somewhat 
rounded, but the effect on the results was probably small. 
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DISCUSSION OF THE A.C. MUTUAL INDUCTANCE METHOD 
A superconductor can exist in either of two states,· 
superconducting or normal, depending upon its temperature and 
the applied field. The critical field curve, whlch is shown in 
Figure 1, defines the boundary between these two states. 
The superconducting region is characterized by both an 
infinite conductivity and a magnetic induction, B, which is 
identically zero. This perfect diamagnetism (B: 0) can be 
characterized by magnetic permeability~, equal to zero, which 
requires the susceptibility,/(, to be -1/~. Thus the magnetic 
moment per unit volume, I, is given by I = 7(H = -H/411" and a 
curve of I vs. His a straight line with a negative slope of 
-1/i.J..(t. 
The normal state is characterized by~= 1;7(= 0; and 
B = H. Thus I in the normal state is given by I =AH = 0. 
Actually, when the sample is in a magnetic field the 
boundary between the superconducting and the normal state is not 
uniquely determined as is indicated above, because of interactions 
between the sample and the magnetic field. For a superconducting 
ellipsoidal sample it can be shown that a part of the sample 
will first be subjected to its critical field, He, when the 
applied field is (1 - n)Hc, where n is the demagnetizing factor 
of the ellipsoidal sample (7, p. 23). Thus the sample will begin 
to become normal when a field of (1 - n)Hc is applied. 
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For field values between (1 - n)Hc and He the sample is in the 
''intermediate state '', which has been shown experimentally (7, p. 
108; 8) to be made up of a very complicated structure of super-
conducting and normal regions or phases. In this intermediate 
state the average magnetic induction, B, is intermediate 
between zero and He. As the applied magnetic field is increased 
from (1 - n)Hc to He, the percentage of the volume of the sample 
which is superconducting decreases from 100% to zero. This 
decrease in percentage of the superconducting phase causes the 
magnetic moment per unit volume, I, to increase (toward zero) 
with H instead of decr~asing negatively as it did when the entire 
sample was superconducting. The result is a curve of I vs. H 
as is shown by the solid lines in the top of Figure 4. 
One method which has been used to determine the I vs. H 
curve is as follows. A coil of many turns is connected to a 
ballistic galvanometer and is placed around the sample in a 
magnetic field, H. When the field on the sample is increased by 
an increment, AH, the ballistic galvanometer deflection, c:S, 
will simply be proportional to the change in the magnetic moment 
of the sample (if the coil is compensated so as to give zero 
deflection in the absence of a sample). Then by a suitable 
adjustment of the constant, C, one can define ~(eff 1 
4'i'l' 
~6 which changes from zero in the superconducting state 
C ~H 
to 1 in the normal state, and which has the shape given in the 
center curve of Figure 4. Cochran, ~ al. (9) have used this 
method. 
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An R.lternative is to use an A. C. mutual inductance 
method. In order to consider the principles which are 
involved in this method, it should first be mentioned that 
the mutval inductance, f"l, between a pair of coils can be 
defined by emfsec = -M d (ipri). If one considers 
crt 
the A. C. primary current to be fixed in Amplitude ~nd 
frequency, chRnges in mutuRl inductance can be analyzed 
by considering the ch.qnges in the flux linking, and hence, 
the emf induced in the secondary. Consequently, in the 
following discussion it will be assumed that the primary 
current is fixed in amplitude and frequency. This primary 
current will then produce a small constant amplitude 
A. C. field on the sample. 
When there is no sample present, an emf will be induced in 
the secondary due to the mutual inductance between the primary 
and the secondary. Dissipative eddy currents which are induced 
in the metal parts of the equipment near the secondary will 
cause this mutual inductance to be complex in phase. This 
mutual induc~ance which exists in the absence of a sample is 
canceled by a compensating mutual inductor and resistive network 
(Figure 3) and will be considered as defining an arbitrary zero 
in the following discussion. 
Ideally, the A.C. mutual inductance method measures 
di/dH or the differential susceptibility (7, p. 54) of the sample 
and, therefore, would produce a curve as shown at the bottom of 
Figure 4. The shape of this curve may be understood qualitatively 
hv mPRnR nf the follOWing diSCUSSiOn. 
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In the superconducting state the sample is perfectly 
diamagnetic so that the mutual inductance is negative and constant 
with H. Alternatively, one can think of the emf induced in the 
secondary as being due to the flux changes associated with the 
oscillating magnetic moment of the sample. 
In the intermediate state the small A.C. field on the sample 
causes the ratio of the normal to superconducting volume to 
oscillate roughly in phase with the applied A.C. field. When 
the A.C. field is at a maximum, more of the sample is normal, 
allowing more flux penetration and producing a larger flux linkage 
with the secondary. Similarly, when the A.C. field is at a 
minimum the flux linking the secondary is less. Therefore, by 
varying the normal to superconducting phase ratio, the A.C. 
field induces an emf in the secondary which is opposite in phase 
and much larger in magnitude than the emf induced when the sample 
is in the pure superconducting state. One would expect that the 
induced emf should lag the applied A.C. field, making the mutual 
inductance complex in phase. This is eviuenced by the fact that 
the resistive component of the mutual inductance measured by 
the bridge was also observed to have a large value in the inter-
mediate state. 
If the sample in the normal state had an infinite resistivity, 
no emf would be induced in the secondary and the mutual inductance 
would be equal to zero, as shown in the bott.om curve in Figure 4. 
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However, the residual resistivity of pure tin is so low that the 
eddy currents which are induced in the normal metal are confined 
by the skin effect to a small portion of the sample. The tin 
used in this experiment had a residual resistivity of 1.58 x 10-9 
ohm·cm, which gives a value of 0.32 mm, at 33 l/3 cps, for the 
skin depth in an infinite plane. In the normal state these 
eddy currents induce an emf in the secondary which is of the same 
polarity as in the superconducting state (resistivity equals zero) 
but less in magnitude and complex in phase. One would expect 
that eddy currents would also be induced in the normal regions of 
the sample when it is in the intermediate state. However, the 
effects they produce are difficult to determine because of the 
complicated structure of the intermediate state. The net effect 
of the eddy currents was to make the M vs. H curve deviate 
appreciably from that given in Figure 4. 
In the experiments reported here the samples were cylindrical 
instead of ellipsoidal. Shoenberg's measurements (7, p. 35; 10) 
show that a cylindrical sample (with its axis parallel to the field) 
will produce an I vs. H curve with a rounded bottom point as shown 
by the dotted curve at the top of Figure 4. One reason for the 
rounding of the bottom point in the I vs. H curve is that the 
internal field is not uniform thruughout a sample which is 
nonellipsoidal. In a cylindrical sample, for example, the annular 
edges will be in a considerably greater field than the field at 
the center of the sample, thereby making these annular edges go 
into the intermediate state sooner than the rest of the sample. 
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The method of Cochran, ~ al. (9), used on a nonellipsoidal 
sample, then, should produce a curve similar to the dotted curve 
in the center of Figure 4, and the results of the A.C. mutual 
' inductance method should be affected as shown by the dotted 
curve at the bottom of Figure 4. 
A typical experimental transition curve for a long thin 
single crystalline sample (cylindrical with rounded ends) is 
shown in Figure Sa. Notice that the decreasing part of the curve 
on the right of the hump is not vertical like the dotted curve at 
the bottom of Figure 4. This is thought to be due to the shielding 
produced by the skin effec~. Experiments have shown (11, 12) 
that when the field is increased isothermally, the normal phase 
exhibits a tendency to grow from the circumference toward the 
center of the sample. Thus, when the greatest portion of the 
normal-superconducting phase boundary is deeper in the sample 
than the skin depth,£, it is shielded from the A.C. field. 
Therefore, the A.C. variation in the normal to superconducting 
phase ratio will have a smaller amplitude and, hence, induce a 
smaller emf into the secondary than was produced when the boundary 
was nearer the circumference of the sample. This shielding effect, 
of course, will be much more pronounced in the large 5-mm 
diameter samples than for the 1- mm diameter samples. The value 
of 0.35 mm for the skin depth, 0, will be in error for a 
cylinder with a small r~dius compared to 6. For an exact solution 
see Smythe (13, p. 394). 
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TEMP. = 2.940 °K 
CURRENT- mo. 
Figure 5a. Isothermal transition curve for a long 
thin single cryst~lline tin sample 
i 
0 X 
0 
X 
260 262 264 266 268 270 
SOLENOID CURRENT- mo. 
Fjgure 5b. Isothermal transition curve for a long 
thin single crystalline tin sample showing 
irregularities observed at low temperatures 
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For the large 5-mm diameter samples the descending part 
of the transition curve (M vs. H) was approximately an oersted 
wide, whereas for the 1-mm diameter sample it was less than 
two tenths of an oersted wide, as can be seen in Figure Sa. When 
the 5-mm diameter samples were deformed by about 4% the descending 
width increased to about three oersteds. This seems to be 
inconsistent with the shielding effect because as the sample is 
deformed its residual resistivity increases, thereby increasing the 
skin depth. However, the intermediate state structure is 
probably very much different for a nonhomogeneously strained 
sampl8. 
The disappearance of the last trace of superconducting 
properties (neglecting any rounding) as the field was increased 
was used as the criterion for He. Usually this point was a 
well defined kink as shown in Figure 5a; however, a slight 
rounding was observed several times. This criterion for He is 
justified, it is felt, by the above qualitative explanation~ as 
well as by the agreement of the zero deformation critical field 
curve with that obtained by other workers. Figure 9 illu~trates 
the agreement between the re~ults of this experiment. and the 
2 
equation given by Maxwell and Lutes (14), h = 1 - l.078t -
O.l03t3 + O.l8lt4 , where h = H/H0 and t = T/Tc. 
Figure 5b shows the type of transition curve which was 
always obtained below 2.l°K for the long thin single crystalline 
samples and sometimes at even higher temperatures for the short 
squat samples. These irregularities sometimes were superimposed 
.. 
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on the hump of the transition curve and other times seemed 
to be so predominant that no hump was observed, as in Figure 5b. 
It was noticed, however, that these irregularities always existed 
only below a certain field value, which was accepted as H . Notice 
c 
that in Figure 5b the irregularities were not reproduced but 
that the field at which the irregularities ceased was reproduced. 
The field was decreased to zero between the three determinations 
of the transition fiP.ld. The critical field points so obtained 
seemed to agre e as well with the calculated critical field 
curve as did the points which contained no irregularities. 
Occasionally, for short squat samples no hump and no irregularities 
were obtained. Hence neither of the above criteria could be 
used. The transition curve (M vs. H) obtained was merely a 
smooth change in mutual inductance from the value in the super-
conducting state to the value in the normal state, something like 
the curve in the center of Figure 4 but with rounded corners. 
Perhaps the hump was too small to distinguish from the scatter. 
The point corresponding to H in the center of Figure 4 gave 
c 
critical field values which were not consistent with the other 
data. Therefore, tnese transitions are not included in this paper. 
Notes are included in Tables 2, 3 and 4 (see Appendix) to 
indicate the type of transition observed if it were unusual in 
shape. Some measurements taken on indium (not included) produced 
transitions with barely distinguishable humps. The residual 
resistivity of this indium was 2.4 x 10-9 ohm·cm. 
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The A.C. magnetic field produced on the sample was about 
.065 oersteds peak to peak for almost all measurements. A 
measurement was made with an A.C. field of 0.32 oersted with 
very little change in the shape of the transition curve and the 
same critical field value as for the .065 oersted field. This 
was done at 2.94oK on a long thin single crystalline sample. 
In another run a variation in measuring field amplitude seemed 
to have some effect upon the height of the hump but it did not 
seem to disappear for very small fields as Shoenberg's measure -
ments indicate (15). 
The zero field transition temperatures were determined 
by measuring the mutual inductance at each step as the temperature 
was lowered in small steps through the transition temperature, Tc. 
A typical curve of M vs. T is shown in Figure 6. T is taken 
c 
as the temperature (neglecting any rounding) at which the sample 
just begins to show signs of superconductivity. 
The zero field transition temperature determined as above 
was lower than the extrapolated value for both the long thin 
single crystalline and the short squat single crystalline samples. 
The amount of this disagreement is shown by Figure 7. The 
difference between the transition temperature determined by 
lowering the temperature i n zero field and by extrapolating the 
cr i tical field curve was converted to oersteds by using the 
initial slope of the critical field curve. This value was then 
plotted at 3. 73°K in Figure 9 . 
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Under the assumption that this discrepancy in Tc might be 
due to supercooling in zero field, a very detailed determination 
of Tc was made both by decreasing the temperature and by 
increasing the temperature. The transition temperatures so 
determined were almost identical, indicating that no supercooling 
occurred. However, a strange dip was observed, as shown in 
Figure 7. The third time through the transition the points were 
taken before the vapor pressure thermometer had reached equilibrium 
as indicated by the differential oil manometer. Thus the points 
marked X in Figure 7 are inaccurate in temperature, but are 
included because a temperature was obtained at which a very high 
mutual inductance existed. This indicated that the dip was quite 
deep. Except for the dip, there was nothing unusual about this 
run. This dip was never observed in any other run, thus 
indicating that the dip was not likely to be due to malfunctioning 
of the equipment. 
It is not known why this dip was obtained and why the 
discrepancy in the zero field transition shoul d exist. The 
presence of the A.C. magnetic field may have an important part 
in producing these results. 
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PROCEDURE 
A determination of the critical field curve was first made 
with a long thin 8ingle crystalline sample of tin to check the 
equipment and the tin metal. The zero field transition temperature 
was determined by measuring the mutual inductance at each 
temperature, in zero field, as the temperature was lowered in 
small steps through the transition temperature, Tc. The remainder 
of the critical field curve was determined by fixing different 
temperatures belgw Tc and measuring the mutual inductance at 
each field as the field was increased through the critical field 
He. The values of H0 , (307.4 oersteds), and Tc, (3.733°K), 
which gave the best fit of these data to the equation h = 
1 - l.078t2 - 0.103t3 r O.l8lt4 were then determined and this 
equation was used as a reference for the deformation data. 
Cylindrical samples with a length to diameter ratio of 
unity were then used to determine the effects of deformation. 
First, several points were taken on the critical field curve 
for zero deformation. The load was then applied, and the 
displacement of the piston on the sample was measured for equal 
increments of the load. The load was then removed, leaving 
the sample defor~ed by about 2%,·and again several points 
were taken on.the critical field curve. Then the sample was 
deformed as before but with a greater maximum load. 
After the load wa s removed, ~ third set of points was taken on the 
critical field curve. The differences between these criticaJ. field 
values And those given by the equation above were plotted, as 
shown in Figure 9. The stra j ght ljnes connecting the points in 
F i ~ure 9 a re drawn only f or clarity. 
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The load-strain curves in Figure 8 show a considerable 
difference in hardness between the polycrystalline and single 
crystalline samples. The load in atmos is calculated on the 
basis of the original sample area. It can be seen that repeated 
application of the 2,200 atmos load on the polycrystalline sample 
caused decreasingly smaller deformations to be produced. This 
figure also shows that an appreciable amount of annealing 
occurred at these liquid helium temperatures for the single 
crystalline samples, with some annealing also appearing for the 
polycrystalline sample. This annealing is indicated by the fact 
that the slope of the load-strain curve for the reapplication 
of the load is less than the slope corresponding to the removal 
of the previous load. One would not expect tin to anneal at 
such a low temperature. 
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RESULTS 
The critical field data obtained from the long thin single 
crystalline sample with the equation 
H = H0 (l - l.078t2 - O.l03t3 + O.l8lt4 ), given by Maxwell and 
Lutes (14), are shown at the bottom of Figure 9. The values 
of H0 and Tc which were used in this equation to give the best 
fit of the data, were 307.4 oersteds and 3.733oK, respectively. 
These agree with Maxwell and Lutes' results. 
The results of the deformation effects which are given in 
Figure 9 show no appreciable change in the shape of the 
critical field curve for the 2% deformations, and only a uniform 
increase of about 1.5 oersteds in He. The 3.7% deformations, 
however, apparently did change the shape of the critical field 
curve. 
The error bars drawn in Figure 9 are due to temperature 
uncertainties indicated by the scatter of the points on the 
carbon resistor vs. vapor pressure curves, uncertainties in the 
determination of He from the transition curves, and the 
uncertainties in the measurement of the current through the 
solenoid. They do not, however, include the systematic error 
due to the uncertainty in the calibration of the solenoid. 
The results of the experiments by Homkevich and Galik 
(2) indicate that a maximum is reached in the curve of temperature 
shift vs. deformation. It is difficult to determine what 
percentage deformation corresponds to this maximum because 
their deformation criterion was the change in residual resistance. 
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Figure 9. Deviations of the critical field values from 
the calculated curve 
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If, however, a maximum does exist, it was not observed for the 
deform8tions produced here. At lower temperatures an indication 
of such a maximum in the effect of deformation on the critical 
field is observed for the single crystalline sample. 
Other effects of deformgtion were the spreading out of 
both types of transition curves, M vs. H and M vs. T, and the 
causing of irregulqrities in the M. vs. H curve at low tempera-
tures. The zero field transition width for the long thin 
single crystalline sample can be seen in Figure 7 to be less 
than one millidegree. The short squat single crystalline 
sample gave zero field transition widths as follows: 
zero deformation 
2% deformation 
3.7% deformation 0 .031 K. 
The .0065°K width for zero deformation is great~r than would 
be expected for a single crystal. The .065 oersted peak to 
peak A.C. field should produce a width of only about 0.5 milli-
degree. 
The short squat polycrystalline sample produced a zero 
field transition width of .025°K. This .025°K width and the 
2 oersted shift in the zero deformation curve for the same 
sample may be due to internal strains which are introduced 
when the sample is cooled to 4°K. The yield strength of about 
200 atmos for this sample 8nd the value of 5 x 10-5 °K per atoms 
for -e~C ) indiCA.te thA.t these internal strRins COUld 
H=O 
/ 
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easily produce effects of such magnitude. While no zero 
field transition curve was tRken in the deformed state, a 
previous run with Rn indentical sample gave the same zero 
0 deformation width and a width of .046 K for a 6% deformation. 
41 
REFERENCES 
1. Jennings, L. D. and Swenson, C. A. The Effects of Pressure 
on the Superconducting Transition Temperatures of 
Sn, In, Ta, Tl, and Hg. Phys. Rev. 112:, No.1: 
31. 1958. -
2. Homkevich, V. I. and Golik, 
Plastic Deformation 
(Translated title). 
427. 1950. 
V. R. The Influence of the 
on the Superconductivity of Metals 
Zh. eksper. teor. Fiz. 20: 
3. Muench, Nils L. Effects of Stress on Superconducting 
Sn, In, Tl, and Al. Phys. Rev. 99, No. 6: 1814. 
1955, 
4. Fiske, M. D. G. E. Research Lab. Memo 137. Schenectady, 
New York. G. E. Research Lab. Nov., 1954. 
(Multilith.) 
5. Bozorth, Richard M. Ferromagnetism. 
D. Van Norstrand Co., Inc. 
Toronto, Canada, 
1951 . 
6. Tegart, w. I. MeG. The Electrolytic and Chemical Polishing 
of Metals in Research and Industry. London, England, 
Pergaman Press. 1956. 
7. Shoenberg, D. Superconductivity. 2nd ed. Cambridge, 
England, Cambridge University Press. 1952. 
8. Balashova, B. M. and Sharvin, Iu. V. Structure of the 
Intermediate State of Superconductors (Translated 
title) . 
Zh. eksper. teor. Fiz. 31: 40. July, 1956. 
(Original available butlnot translated; cited in 
Soviet Physics JETP 4, No. 1: 54. 1957). 
9 . Cochran, J. F., Mapother, D. E. and Mould, R. E. Super-
conducting Transition in Aluminum. Phys. Rev. 
103: 1657. 1956. 
10. Shoenberg, D. Superconducting Cylinders. Cambridge Phil. 
Soc. Proc. 33: 260. 1937. 
11. Schawlow, A. L. Structure of the Intermediate State in 
Superconductors. Phys. Rev. 101, No. 2: 573. 1956. 
l.j-2 
12. Meshkovsky, A. C. Intermediate State Structure (Translated 
title). Zh. eksper. ceor. Fiz. 19, No. 1: 103. 
1949. -
13. 
14. 
Smythe, William R. Static and Dynamic Electricity. 2nd ed. 
1950. New York, N. Y., McGraw-Hill Book Co., Inc. 
Maxwell, E. and Lutes, 0. S. 
Some Superconductors. 
1954. 
Threshold Field Properties of 
Phys. Rev. 95, No. 2: 333 
15. Shoenberg, D. Superconductors in Alternating Magnetic 
Fields. Cambridge Phil. Soc. Proc. 33: 559. 1937. 
43 
APPENDIX 
Table 1. Calculated critical field curve 
Temp ta hb He H OK rna. oersteds 
h = l - l.078t2 - O.l03t3 + O.l8lt 4 
3.7000 .991160 .015366 6.34 4.7 
3.6000 .964372 .061619 25.42 18.9 
3.5000 .937584 .107345 44.29 32.9 
3.400 .910796 .152480 62.91 46.7 
3.200 .857219 .240714 99.32 73.9 
3.100 .830431 .283686 117.05 87.2 
3.000 .803643 .325819 134.43 100 
2.900 .776855 .367056 151.45 113 
2.800 .750067 .407341 168.07 125 
2.700 .723279 .446625 184.28 137 
2.600 .696491 .484855 200.05 149 
2.500 .669703 .521987 215.37 160 
2.400 .642915 .557972 230.22 172 
2.300 .616126 .592771 244.58 182 
2.200 .589338 .626341 258.43 192 
2.100 .562550 .658643 271.76 202 
2.000 .535762 .689643 284.55 212 
1.900 .508974 .719305 296.79 221 
1.800 .482186 .747599 308.46 230 
1.700 .455398 .774494 319.56 238 
a t T = Tc 3.733oK - = Tc 
b h = H Ho = 307.39 oersteds 
Ho 
c 
0.745 .004 Calibration factor of solenoid = + oersteds 
- rna. 
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